Abstract-
I. INTRODUCTION
Geologic carbon sequestration in deep formation has drawn increasing consideration as a promising method in order to mitigate the adverse impacts of climate change [1] ; [2] ; [3] and [4] .
Generally, CO 2 sequestration is defined as the removal of gas that would be emitted into the atmosphere and its subsequent storage in a safe, sound place [5] .
The implementation of worldwide ongoing and former projects such as natural gas processing at Sleipner in the North Sea [6] , at Salah in Algeria [7] , enhanced oil recovery at Weyburn in Canada [8] , Nagakoa pilot project in Japan [9] and the Frio brine project in Texas [10] demonstrate the feasibility of injecting CO 2 into subsurface geological reservoirs.
Once the CO 2 is injected into pore spaces of the storage aquifer, it displaces much of the in situ pore-water. This process causes a progressive increase in formation fluid pressure, centered on the injection point and exacerbated by high injection rates, low reservoir permeability, and the presence of barriers to fluid flow, such as fault. Pressure increase will limit the rate at which CO 2 can be injected, and ultimately may limit the amount of CO 2 that can be practically stored [11] .
Reservoir injectivity is defined as the capacity of a reservoir to accept injected CO 2 at a specified rate and for the required cumulative amount.
In regard to pressure changes within the storage formation, the region of influence in response to CO 2 injection can be extremely large [11] . Zhou et al. [12] suggested that the hydraulic characteristics of seal layers may strongly affect the lateral and vertical volumes affected by pressure buildup. Normally suitable sites for CO2 sequestration would typically have thick, laterally continuous shale, mudstone, or siltstone seals that act as permeability and capillary barriers to impend or prevent upward migration of buoyant CO 2 [11] .
Data used during the present research are from the Wangchang oil field. The Wangchang oil field is located in the northern part of Qianjiang depression area where the Qianjiang depression covers 2500 km 2 and it has most of the current petroleum production [13] . The rock type in the study area consists mainly of feldspar quartz sandstone and quartz sandstone debris, in addition to small amounts of feldspar sandstone and feldspar lithic sandstone. Quartz content is generally 60 to 90%, Feldspar content occupies about 5 to 25% and debris content of about 5 to 15 % mainly in acid volcanic rocks [14] .
The main aim of this research is the demonstration of pressure change during CO 2 injection in CO 2 storage formation embedded in a sequence of aquifers and aquitard of the Qianjiang depression area.
In order to demonstrate the transient pressure, we have conducted TOUGH2 modeling of CO 2 injection into closed formations of different thicknesses assuming impermeable boundaries. The whole work was done using the TOUGH2/ECO2N simulator [15] , [16] . ECO2N module includes a comprehensive description of the thermodynamics and thermophysical properties of H 2 O-NaCl-CO 2 mixtures. It is designed to reproduce fluid properties to within experimental error for temperature in the range 10 to 110 0C, for pressure up to 60 MPa, and for salinities up to full halite saturation.
Impact of CO 2 Injection in Deep Saline Aquifers: A study on Pressure Evolution in Stratified Formation of Qianjiang sag, China
Telesphore Kabera and Yilian Li II. CONCEPTUAL MODEL AND MODEL SETUP A 2-D radially symmetric model was developed to represent a CO 2 storage site in Qianjiang depression area. The storage formation into which CO 2 is injected is 120 m thick and located at a depth of about 1380 m below the ground surface. The CO 2 injection thickness was 25m from the bottom of the storage formation. The storage formation is bounded at the top by a sealing layer of 30 m (see fig. 1 ), followed by a sequence of aquifers and sealing layers with various thicknesses. The bottom of the storage formation is formed by a layer considered in the present study as impermeable base rock with thickness of about 100 m. Altogether; the model domain includes four aquifers and five aquitards. The lateral extent boundary is located at 200km, which corresponds to a footprint area of about 125,664 km 2 . The large lateral extent was chosen in order to ensure that the boundary condition would have minimal effect on the simulation results.
Carbon dioxide is injected into a zone of 71 m radial extent representing a few distributed wells. Injection occurs at an annual rate of 1 * 10 7 tonnes of CO 2 representing six times the CO 2 rate captured from a medium-size-coal-fired power plant. The simulation runs cover a time period of 100 years altogether comprising the 20-year injection period and a 80-year post-injection period.
III. MODEL PARAMETERS
The hydrogeologic properties chosen for the aquifer-aquitard sequence are given in Table 1 . For a given porosity, mudstone permeability varies over a range of 2-5 orders of magnitude [17] , During our work we have varied seal permeability over a wide range : ks = 9.0 * 10 -17 to 9.0*10 -22 which fall in the range of sealing layers, in the previous research where [11] used shale as sealing layer, the seal permeability was varied over a wide range: ks =1.0 * 10 -16 to 1.0 * 10 -21 m 2 based on shale permeabilities reported in [18] , [19] [20] ,and Hart et al. [21] .
Apart from the seal permeability variations, pore compressibility which is another parameter defining the pressure response to CO 2 injection was considered. In the first case the compressibility values used are the ones presented in Table 1 whereas for the sensitivity analysis cases: firstly the compressibility of all layers is considered to vary linearly with depth, starting with the values given in Table 1 for the deepest aquifer and aquitard, respectively, assuming a one-order-of-magnitude increase over the entire vertical sequence (to account for the fact that shallower units are often less consolidated and thus more compressible than deep units), secondly we have reduced the base-case compressibility values by one order of magnitude and finally it was increased by one order of magnitude. The different cases reflect the range of pore compressibilities measured over a wide range of subsurface materials (e.g., [22] , [19] , [23] , [24] . Note that the compressibility of the fluids (i.e., CO 2 and water) is intrinsically taken into account in TOUGH2/ECO2N in terms of density variations with fluid pressure. The sensitivity cases addressing pore compressibility have all been conducted using a seal permeability of 9*10 -20 m 2 (The seal permeability considered in base case). In order to investigate the effect that flow compartmentalization (faulting) has on pressure evolution during and subsequent to CO 2 injection, low permeability vertical elements were introduced into the mesh at a distance of 10 km from the injection point. Fig.2 shows the initial conditions used for the simulations in a vertical profile. There are no lateral variations, meaning that the system is stagnant prior to injection of CO 2 , this explains that regional groundwater flow is neglected. Initial pressure is hydrostatic. Temperature varies linearly with depth, within the Qianjiang depression area, in sandstone and mudstone, the gradient is high, 3 to 4 0 C/100m and in salt layers the geothermal gradient is low compared to sandstone and mudstone units. In salt, the geothermal gradient is commonly 2.3 to 3.0 0 C/100 m [26] . Salt mass fraction vertical profile was prepared based on the idea that in Qianjiang depression area, the depth of burial lower than 1250m, water salinity increases with depth; as the burial depth deeper than 1250m, the water salinity varies from 250000 mg/L to 340000 mg/L, and is almost in the saturation state; when the burial depth is deeper than 1650m. The vertical salinity profile represents an equilibrated system where no density-driven flow occurs at the initial state.
IV. RESULTS AND DISCUSSION

A. Spatial Distribution of Co 2 Plume
In order to choose safe seal permeability for our study, we focused on the characteristics of the CO 2 plume at the end of the injection period, shown in fig.2 . The two first cases difference is only the seal permeability values (for case 1: ks = 9 * 10 -17 m 2 and case 2: ks = 9 *10 -20 m 2 ) and for case 3 the seal permeability is the same as the 2 nd seal permeability value (9 * 10 -20 m 2 ) the only difference is the injection rate which was increased from 10 million tones per year to 30 million tones per year. Fig.2 shows the plume size using saturation contours for supercritical CO 2 . The plume in 2 nd case (ks = 9*10 -20 m 2 ) is about 8.5 km and for all cases the plume is concentrated at the top of the storage formation, a result of buoyancy forces. The CO 2 plumes are identical for all seal permeability from ks equal to 9 * 10 -20 m 2 and below (only 3 cases are shown here for brevity). When the seal permeability is grater than 9 * 10 -20 m 2 the CO 2 plume migrates into the sealing unit immediately above the storage formation (Aquifer 1) after 20 years of injection, indicating that CO 2 may not be safely trapped over longer time periods. When the CO 2 injection rate was increased from 10 million tones to 30 million tones (ks is equal to 9 * 10 -20 ) the CO 2 plume was extended to about 10 km laterally and remains safe because it does not migrate into sealing unit above the storage reservoir.
B. Lateral and Vertical Pressure Buildup
In this section, we evaluate the pressure perturbation in the subsurface in response to CO 2 injection using different seal permeabilities in different times (after 1 year, 20 years of injection and 80 years after the end of CO 2 injection), notice that for the same time different seal permeabilities are used, we have varied seal permeability as follows: case 1: ks = 9 * 10 -18 m 2 , case 2 : ks = 9 * 10 -20 m 2 and case 3: ks = 9 * 10 -22 m 2 (Corresponding to hydraulic conductivities 0.009119 millidarcy, 0.00009119 millidarcy and 0.0000009119 millidarcy. Notice that a cutoff value of 0.1 bar is set for the contours; meaning that the pressure buildup less than 0.1 bar, or less than a 1 m increase in groundwater elevation , is not colored.
It is evident from fig.3 that the permeability of the sealing layers has a strong effect on both the vertical and the horizontal pressure propagation. After 1 year injection, the case 2 (when the seal permeability is 9*10 -20 m 2 ) shows a pressure increase of 0.1 bar extending almost 60 km laterally within the storage formation, corresponding to an area of influence covering about 11309.7 km 2 whereas at the end of injection ( fig.3 (b) ) the pressure increase of 0.5 bar occupies the whole laterally distance within the storage formation. This area is very large compared to the CO 2 plume of 8.5 km ( fig.3 ). When the seal permeability is increased by 2 order of magnitude (ks = 9 * 10 -18 m 2 ), a different behavior occurs, the area of influence becomes about 6082 km 2 . The pressure propagation upward from the storage formation is significant, notice that the maximum near the injection zone is reduced as apparent from pressure increases extending all the way to a depth of about 100 m from the top of the top unit (aquitard 1) ( fig.3 (a) ) affecting aquifer 2 and 3. For other two cases (ks = 9 * 10 -20 and 9 * 10 -22 m 2 ) the upward pressure increase propagation does not reach aquifer 2. It only affects the storage aquifer. When seal permeability is high, brine leakage resulting from interlayer communication has a positive attenuation effect on the pressure conditions within the storage formation, while allowing for vertical pressure propagation that may reach shallow aquifers as indicated by [11] .
A 2-bar pressure buildup (equal to 20 m increase in piezometric head), is observed at 16 km (when ks = 9 * 10 -18 m 2 ), 24 km (when ks = 9 * 10 -20 m 2 ), and 32 km (when ks = 9 * 10 -22 m 2 ) at the end of injection period (after 20 years) whereas after 1 year injection period it is observed at 12 km (when ks = 9 * 10 -18 m 2 ), 18 km (when ks = 9 * 10 -20 m 2 ), and 18 km with few meters (when ks = 9 * 10 -22 m 2 ). Assuming having a gently updipping formation that forms a confined aquifer freshwater aquifer at 24 km radial extent (instead of the horizontal stratigraphy used in the present study). Ignoring the impact of vertical variations and compressibility, the shallow groundwater resource would experience a piozometric head change of about 20 m. Notice that at the end of injection period (when ks is equal to 9 * 10 -20 m 2 ), a different behavior occurs the pressure propagation upward from the storage formation has reached the aquitard 3. Fig.3 .c shows the pressure buildup for the same three cases during the post-injection period, 80 years (after injection stops). Compared to fig.3 .b, the pressure perturbations have relaxed significantly, with maximum pressure increases not more than 0.6 bars. However, as maximum pressure tends to return to an equilibrium state, the area of influence widens considerably. In case of ks = 9 * 10 -18 m 2 , a pressure increases of less than 0.2 and greater than 0.1 bar is occupying the whole storage lateral distance except near the injection zone where the pressure increases is 0.1 bar up to 110 m from the bottom of the storage formation while, on the other hand, shows that the pressure perturbation can reach the upmost aquifer , with the same pressure increases as in lateral direction and it corresponds to a change of about 2 m in the groundwater piezometric surface of the confined aquifer. Fig.3 shows the contours of pressure change in two different stratigraphic units: in the storage formation and in the top aquifer. Results are presented for four seal permeabilities from 9*10 -22 m 2 to 9*10 -17 m 2 at different lateral distances (i.e., R = 10.24, 29.96 km and 69.97 km) from the injection zone. The transient pressure buildup in the storage formation ( fig.4.a) is significantly affected by both radial location and seal permeability. Pressure buildup is larger close to the injection zone ( fig.4.a) . At larger Radius, the pressure buildup is small and occurs later. The fig. 4 shows that for R1 the pressure response happens directly when CO 2 is injected into the storage formation whereas for R3 it takes sometime to happen. The maximum pressure closer to the injection zone (10.24 km) is observed after about 6years whereas for far away from the injection zone (R3 = 69.97 km) the maximum pressure is observed after 20 years (the time injection stops). For all considered cases the maximum pressure has been reached before the injection ceases except for the highest radial distance (R3 = 69.97 km) where the maximum pressure was reached at the time the injection stops (20 years), signaling that hydrological system to reclaim a complete system has been reached.
Concerning the impact of seal permeability, from the observed behavior, two cases (ks equal to 9*10 -20 m 2 and 9*10 -22 m 2 ) make aquitards look like impermeable seals; these cases show the strongest pressure perturbation in the storage formation. Notice that for other cases considered in the present study (9*10 -17 m 2 and 9*10 -18 m 2 ) Show moderate/drastic reduction in the maximum pressure -about 79% in the 9*10 -17 m 2 case, 30 % in the 9*10 -18 m 2 case (based on the 10.24 km radial extent graph), this demonstrate the importance of interlayer brine flow.
The top row of plots in fig.4 shows pressure evolution in aquifer 4, which is the uppermost aquifer and it is separated from the storage formation by three sealing layers. Over 100 years of simulation period, pressure impacts are observed only in the two cases with high seal permeabilities (9*10 
C. Pore Compressibility Effect on Pressure
As shown above the safe seal permeability in the present study was found to be 9 * 10 -20 m 2 , therefore it is used as a starting point, the following additional simulations runs were performed as follows: (1) the pore compressibility of all layers is considered to vary linearly with depth, starting with values given in Table 1 for the deepest aquitard and aquifer, respectively, and assuming a one-order-of-magnitude increase over the entire vertical sequence, (2) the pore compressibility in all layers is increased by one-order-of magnitude, and finally (3) the pore compressibility in all layers is reduced by one order of magnitude.
Results are shown in fig.5 , in that figure the vertical pressure profiles at radial extents 10.24 and 29.96 km, for the different sensitivity cases, after 1 of the injection period, at the end of the injection period of 20 years and at 80 years after the injection ceases. From the results (Fig.5) , considering the pore compressibility to vary linearly with depth has minor effects on the pressure results in comparison with the base case, this is due to the fact that the largest compressibility differences are in the uppermost layers where the pressure impact of CO 2 injection is very small. In the two other cases the results obtained are different from the base case results:
reducing the pore compressibility in all layers by one-order-of magnitude causes a higher pressure buildup in the storage formation, as well as a large region of influence, in both the lateral and the vertical direction except in the one case (at R1 at the end of the injection period (after 20 years)) where the results are almost similar to the base case results in the storage formation. At 100 years, pressure changes propagate up to the top aquifer.
Increasing the pore compressibility in all layers by one-order-of magnitude, the magnitude and spatial extent of pressure build up is smaller than in the base case. The exception is the pressure response in the overlying aquitard (Aquitard 2) during the post-injection period at 100 years. Notice that during the post-injection period the pressure change results from the base case propagate up to the top aquifer.
The pressure values at 10 km are the highest of all cases, caused by the increase in compressibility and resultant reduction in hydraulic diffusivity, defined by k/Φρ w µ w (β w + β p ), where k is permeability and µ w is water viscosity [11] .
D. Flow Barrier
Due to the presence of fault in Qianjiang depression area, one simulation was performed in which we set the barrier at a distance of 10 km from the injection point, making the area of injection 314 km 2 . The CO 2 injection lasts for 20 years. The flow barrier was assigned the same permeability as the sealing units (9 * 10-20 m 2 ). Fig. 7 shows the results obtained for two radiuses (at 1.024 and 9.981 km).
V. CONCLUSION
Through numerical modeling of the Qianjiang depression area subsurface formations with a single injection zone, we have demonstrated pressure response to the CO 2 injection in the mentioned formations. The characteristics of pressure buildup and their magnitude depend on the radial location and seal permeability.
Safe seal permeability value for the present study was found to be 9 * 10 -20 m 2 , this seal permeability was used in sensitivity cases about pore compressibility Considering the pore compressibility to vary linearly with depth has minor effects on the pressure results in comparison with the base case, this is due to the fact that the largest compressibility differences are in the upmost layers where the pressure impact of CO 2 injection is very small. In the two other cases the results obtained are different from the base case results: reducing the pore compressibility in all layers by one-order-of magnitude causes a higher pressure buildup in the storage formation, as well as a large region of influence, in both the lateral and the vertical direction except in the one case (at R1 at the end of the injection period (after 20 years)) where the results are almost similar to the base case results in the storage formation. At 100 years, pressure changes propagate up to the top aquifer.
Increasing the pore compressibility in all layers by one-order-of magnitude, the magnitude and spatial extent of pressure build up was smaller than in the base case. The only exception was the pressure response in the overlying aquitard (Aquitard 2) during the post-injection period at 100 years. It was Noticed that during the post-injection period the pressure change results from the base case propagate up to the top aquifer.
When a barrier (fault) was place at a distance of 10 km have it showed that the flow barrier started affecting pressures after about 1 month and 24 days and the pressure increase is very high, about 150 bars after 20 years. 
